Summary The reactivation of U.V.-irradiated adenovirus 2 in HeLa cells is enhanced 8-9 fold if the cells are given a brief hyperthermic shock before infection. Maximum reactivation is achieved by heating for 10min at 45.5°C and with a delay of 36h between heating and infection. The induction process requires protein synthesis only during the 3h period immediately following heating; cycloheximide does not prevent the expression of enhanced reactivation if added to the cells after this time. Heat-enhanced reactivation exhibits properties similar in some respects to radiation-enhanced reactivation and indicates an increased capacity of the heated cells to tolerate DNA damage.
It is now well established that the cytotoxic effects of X-rays are increased if the irradiation of cells is performed at elevated temperatures and this finding has led to the increasing use of hyperthermia as an adjunct to radiation therapy for the treatment of malignant tumours (Dewey et al., 1977 (Dewey et al., , 1980 Hahn, 1982) . In the clinical situation the simultaneous application of hyperthermia and irradiation may not be readily achieved and many regimens employ fractionated doses of heat and radiation. Such treatments may however lead to the induction of a counterproductive thermotolerance in the target tissue and a reduction in the net therapeutic effect. Thermotolerance is readily demonstrable in cell cultures and involves a transient increase in the resistance of cells to a potentially lethal hyperthermic shock as a result of a previous exposure to heat (Gerner & Schneider, 1975; Henle & Dethlefsen, 1978) . The acquisition of thermotolerance requires protein synthesis and the kinetics of its induction correlate well with the kinetics of induction of a set of heat-induced proteins, the heat-shock proteins (Burdon et al., 1982; Hahn & Li, 1982; Schlesinger et al., 1982) . Since other forms of cellular stress can induce both thermotolerance and some or all of the heat shock proteins, it is likely that a subset of these proteins is responsible for the protective effect.
The critical target for heat sensitisation to irradiation has not yet been identified, but since Xray killing correlates well with damage to DNA, possible heat-sensitive targets would be the constitutive cellular DNA repair and replication systems (Corry et al., 1977; Spiro et al., 1982;  Warters & Roti Roti, 1982; Warters & Stone, 1983) . If so, then one aspect of thermotolerance may be the appearance of a new repair or modified replication mechanism. A precedent for this view is set by the numerous observations that the treatment of cells with sub-lethal doses of ionising or non-ionising radiation, DNA-modifying carcinogens or replication inhibitors can induce mechanisms which enhance the reactivation of radiation-or mutagen-damaged viruses (Lytle, 1978; Radman, 1980; Mezzina et al., 1981; Bockstahler, 1981) . Such mechanisms may be the eukaryotic equivalents of the SOS-response of certain bacteria (Witkin, 1976) . We confirm that a brief hyperthermic shock to HeLa cells can also enhance the reactivation of irradiated adenovirus.
Materials and methods

Cell cultures
HeLa cells were grown in monolayer in the Glasgow modification of Eagle's minimal essential medium (GMEM) supplemented with 10% newborn calf serum, 1% non-essential amino acids, 100 units ml-I penicillin and streptomycin, 60pgml-1 tylocin and 2.5pgml-1 fungizone. (Adams, 1980) The dose rate was 6 J m-2 sec-1 and was monitored with a J-225 Blak-ray short wave UV-meter (Ultraviolet Products Inc., San Gabriel, California).
Pre-treatment of cells
For irradiation, dishes of confluent cells on which virus was to be assayed were washed with PBS, drained and irradiated at 254 nm at a rate of 2.5 JM -2 sec-1. Heat treatment involved the rapid transfer of dishes containing 1.4 ml medium from a 37°C incubator directly into a humidified incubator at 45.5°C for the specified periods. It should be stressed that these periods included the time taken for the cells and the overlying medium to reach 45.5°C. The actual rate of heating of the cells under these conditions was therefore measured with the aid of a thermocouple attached to the growth surface of a culture dish (Figure la) . In the text, the term IOmin at 45.5°C is used to denote a period of 10min in a 45.5°C incubator for simplicity.
To characterise further the biological effect of this form of heat treatment on the cells, their ability to form colonies after heating was determined as an indicator of survival ( Figure Ib) .
In all experiments, medium was changed during the post-treatment incubation as required to maintain the pH at 7.4. Attached to the growth surface of this dish was the sensor of a Type 3001 thermometer (NiCr/NiAl thermocouples; Comark Electronic Ltd., Sussex, U.K.) Points represent the means of 6 determinations; standard deviations are too small to be depicted graphically.
(b) Survival kinetics of HeLa cells after heating at 45.5°C. Log phase HeLa cells were trypsinised and diluted to 102 cellsml-1 with fresh medium. 1.4 ml aliquots were plated in 50mm dishes and, after 6 h at 37°C, transferred to an incubator at 45.5°C for the specified periods. After a further 7 days at 37°C, colonies were stained and counted. Points represent the means (± 1 s.d.) of three determinations, each with triplicate plates.
Reactivation factors for virus assayed on pretreated cells were calculated according to Vos et al., (1981 Results UV-irradiated adenovirus 2 was used as the probe for enhanced reactivation since it is effectively reactivated by cells which have been exposed to either ionising or non-ionising radiation (Bockstahler & Lytle, 1977; Takimoto et al., 1982) . Host cell reactivation of UV-irradiated adenovirus 2 by untreated HeLa cells followed single-hit kinetics with a D37 (i.e. dose required to reduce survival to e-1 or 0.37) of 260 Jm-2 ( Figure  2a ). This result is similar to that of Day (1977) who found the average dose for one-hit survival of UVirradiated adenovirus 2 in several normal human fibroblast cell strains to be 220 + 20 Jm-2. Survival G at all doses was enhanced by pre-irradiation of the cells (5Jm-2) 18h before infection. This treatment, which is optimal for radiation-enhanced reactivation (data not shown), produced a shoulder in the survival curve suggesting the appearance of a new repair or replication mechanism and yielded an extrapolation number of 1.25 and a D37 of 440Jm-2 (Figure 2a) . Day & Ziolkowski (1981) have also shown an enhanced reactivation of adenovirus 5 by pre-irradiation of the host cells.
If the pre-irradiation treatment was replaced by a hyperthermic shock for 10min at 45.5°C, even greater reactivation was obtained, with a D37 of 590 Jm -2 and an extrapolation number of 1.6 (Figure 2a) . From these data, the maximum reactivation factors obtained were 3 for radiation enhanced reactivation (RER) and 5 for heatenhanced reactivation (HER) (Figure 2b ). All further investigations employed virus irradiated to give 1% survival in untreated cells (1000Jm-2). virus on cells heated for 20min was reduced by only 30%, this suggests that sufficient contact between cells capable of supporting viral replication is maintained at 34% cell survival to allow the formation of plaques. Heating for >20min caused a dramatic loss of plaque-forming ability.
Maximal expression of RER usually requires a delay of 18 h to 5 days, depending on the system, between treatment of the cells and virus infection (Bockstahler & Lytle, 1977; Das Gupta & Summers, 1978; Lytle, 1978; Takimoto et al., 1982) . The kinetics of induction of HER appear to be similar in that a delay of 36h between cell heating and virus infection yielded a reactivation factor of 8-9, while infection immediately after heating resulted in only a 3-fold enhancement (Figure 4) . The plaque-forming ability of unirradiated virus was also less (80% compared to 90%) when infection was performed immediately after heating. This probably reflects the partial loss of some heatsensitive function necessary for viral replication (Gharpure, 1965) .
In view of the well documented effect of heat on the pattern of protein synthesis, it was of interest to Time (h) between heat shock and infection determine if protein synthesis was necessary during the induction period for the eventual expression of HER as has been demonstrated for RER (Das Gupta & Summers, 1978; Lytle, 1978) . The protein synthesis inhibitor cycloheximide was used to investigate this directly.
At various times after heat shock, cycloheximide was added to the growth medium, the cells incubated for a total of 36 h, the cycloheximide removed and the irradiated virus added. Figure 5 shows that cycloheximide has little effect on HER when added any time after 3 h post-shock. However if added during the first 3 h of post-treatment incubation, subsequent HER was substantially reduced. This suggests that, in addition to some process which takes up to 36 h for full expression, HER is dependent on protein synthesis immediately after heating. The UV-enhanced reactivation of UV-irradiated herpes simplex virus in CV-1 monkey kidney cells* has been shown to require protein synthesis during the first 6-8 h of post-irradiation incubation although a 24 h delay between irradiation and infection gave optimum reactivation (Lytle & Goddard, 1979 (Slater et al., 1981; Burdon et al., 1982) . Those agents such as UV-irradiation and mitomycin C which are known to induce RER have also been shown to enhance the synthesis of specific proteins (Herrlich et al., 1982) . It will be of interest to see whether these proteins represent a subset of the heat-shock proteins. Nevins (1982) has reported that infection of HeLa cells with adenovirus 5 leads to the induction of the human 70K dalton heat-shock protein, an effect mediated by the viral EIA gene product. It might be suggested therefore that HER is the result of a more efficient infection due to the initial presence of this heat-shock protein in the heated cells. However adenovirus 5 produces no more plaques on 293 cells, human embryonic kidney cells transformed by the left end of the adenovirus 5 genome and which constitutively express the viral EIA gene and the cellular 70K dalton heat-shock protein gene, than it does on HeLa cells (Graham et al., 1977) .
As the properties of HER reported here are similar to those of the well characterised RER observed with many cell/virus systems, it is possible that the biochemical mechanisms of the two reactivation responses have at least some common components; heat may therefore be an alternative trigger for the induction of this response. A consequence which heating shares with those agents which induce RER and which may be a common trigger is the inhibition of DNA synthesis (Warters & Stone, 1983) . Experiments are in progress to investigate this possibility and to study the ability of chemicals such as ethanol, Cu2+ and arsenite, which induce some or all of the heat-shock proteins (Burdon et al., 1982) , to elicit the HER response. The use of UV-irradiated virus as a sensitive probe for cellular repair functions has demonstrated the existence of a heat-enhanced DNA repair or lesion bypass mechanism. If, as seems likely, HER also operates upon ionising radiation-induced DNA damage, it may be an important consideration in the combined use of hyperthermia and radiation in cancer therapy. If induced by an initial hyperthermic treatment in a clinical fractionated dose regimen, such a mechanism could conceivably reduce the efficiency of subsequent radiotherapy whose principal intracellular target is DNA. Furthermore, evidence has been presented that RER may be accompanied by enhanced mutagenesis though this may not always be the case (DasGupta & Summers, 1978; Sarasin & Benoit, 1980; Day & Ziolkowski, 1981; Lytle & Knott, 1982; Taylor et al., 1982) . If HER were also mutagenic, this could represent an undesirable side effect of the irradiation of heated healthy tissue which would compromise the possible value of using thermotolerance as a means of preferentially protecting normal tissue (Hahn, 1982) . It remains to be established whether or not HER of adenovirus 2 in HeLa cells involves a mutagenic component.
